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Description 

Casting a Metal Single Crystal Article 
Using a Seed Crystal and a Helix 

Teclmical Field 
5 The pressnt invention relates to the field of 

casting, snore particularly to the directional solidi^ 
fication of single crystal structures. 

Background 

Directional solidification i$ a inethod of casting 
10 using controlled cooling to cause a solidification 

interface to move progressively through a mold filled 
with jDolten xnetal* In the highest technology enibodi*- 
ment of this process # single crystal artioles are cast, 
ihere are several ways in which single crystal castings 
15 in useful shapes can be formed. Common to all of then 
is that a solidification front having the desired 
crystal structure must be initiated within the molten 
metal of the casting, sosoetimes very small and eon- 
fined points of the mold are used/ such as shown in 
20 u»S* Patent No. Ir793#672 to.Bridgman and Patent Ko. . 
4,015,657 to Petrov. When a multiplicity of grains 
grow as adjacent columns, there is a progressive 
crowding out of certain grainy with movement of the 
solidification front along the length of the casting. 
25 Thus, if the A&old diameter is small enough and length 

great enough, eventually only a few grains, or a single 
grain, will remain* In U.S. Patents 3,494,709 and 
3,536,121 to Piearcey, an iroroved method is shown 
wherein a zig-zag passage in a mold causes the rapid 
selection of a single grain from a multiplicity of 
columnar grains, in a more refined practice, a helix 
shape is used, as shown in u.s. Patent No. 4,111,252 
to Day et al- , it is this which has been widely used 
in commerce. 



30 
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However, in the methods referred to above there is no 
way to control the secondary orientation (orientation 
of the crystal within the x-y plane when growth ia 
along the z axis). Additionally, the only grain orien- 
5 tation which will lie along the z axis direction of 
growth is that which nature preferentially selects , 
e.g*, <001> in the case of a face centered cubic nickel 
super alloy. 

Therefore, seed crystals are often used to Initiate 
10 solidification fronts, to control crystal orientation 
and sijnplify mold construction. T^^pically, a seed 
crystal is placed at the base of the mold where it can 
be cooled* Molten metal poured into the mold contacts 
the seed, partially melting it. Thereafter, epitaxial 
15 solidification from the seed is caused to take place. 
Mie use of seed crystals is well Imown, as is shown by 
O.S. patents 3,763,926 to TSbhinkel et al, and 3,857,436 
to Petrov et al- Xn many instances solidification from 
seed crystals is preferred, and the present application 
20 is concerned with castings which are so laade* Generally, 
the use of seeds has meant that there is no need for a 
zig sag or be]Liz section. In some circumstances a nar^ 
rowing of the tsolA above the seed crystal has been 
j-eguired. For cxaitiple, in the co-spending application 
25 of U.S. Serial No. 250,521 of Terklesen, filed March 30, 
1981, a specially shaped xxiold eases the difficulty of 
melting the seed crystal sufficiently to enable epitaxial 
solidification. Sus^plus molten metal is flowed across 
the s^ed crystal and thereafter surrounds it. ^us, 
30 there will be extraneous nucleation around the periphery 
of the seed crystal? it is Terklesen 's practice to place 
a restriction in the mold above the seed crystal. In 
essence, the cross sectional area of the propagating 
solidification front is reduced to an area which is 
35 smaller than the cross section of the seed placed 
directly below the restriction. This stops vertical 
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propagation into the article cavity of non-epitaxial 
crystal growths 

trhe foregoing tec:hniques are effective in obtain- 
ing single crystal castings which are useful in ooaimerce, 

S As used herein, the terra "single crystal casting" la a 
term of art and is not a rigid scientific tenn^ Single 
crystaJ. castings are f-unctionally characterized by 
iDBasuring the properties of the castings, and they juay 
not have perfectly iroiforia crystal structure. Varia- 

10 tions in crystallographic orientation are permissable 
when they do not substemtially degrade mechanical pre 
perties below those of an ideally laniform crystal 
casting. See the co-pending D.S. Serial No. 333,600 of 
Giamei, filed December 23, 1981, the disclosure of which 

15 is hereby ineoscporated by reference. In the Giamei in- 
vention, a single crystal casting is formed by simul- 
taneous solidification from two spaced apart seeds. 
As Giamei discloses, even in castings which are made 
from a single seed, it iflill be found that there is a 

20 progressive degradation in the cxystallographio quality 
as a solidification front moves along the casting. 
Accordingly, a point in a casting wfaiA is dietant from 
the seed crystal will be found to have more variation 
in crystal structure than will a location close to the 

25 seed. Points at the periphery of the casting at the 
distant location can significantly diverge in orienta- 
tion frozQ the nominal orientation of the casting. 
Xhis phenomenon and its significance has only recently 
been appreciated, after continuing research and devel- 

30 opment. 

Normally, divergence in crystal structure does not 
present a problem e>ccept in castings with large lateral 
dimensions. And such problems can be overcome by the 
aforementioned Giamei invention. But it is still 
35 desired to make more nearly ideal castings in general. 
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There is a further problem which Involves the 
making of seedd* In same instances / it is possible 
to remove the original seed crystal from a just-jnade 
casting f and reuse it for another easting* But, more 

5 often the seed is difficult to retrieve for mechanical 
reasons, or it is unacceptably melted and merged vith 
the casting. Thvs seeds have been wore effectively 
made as independent eastings, followed by macihining, 
Bvt such a procedure is costly and improved tedmigaes 

10 are desired* 

Disolosvre of Invention 

^cording to the invention, a mold which contains 
molten metal has a specially shaped constriction, or 
selector section, interposed between the portion where 
IS the seed is contained and the pcartion where a single 
crystal article is formed. The selector section is 
shaped to cause the velocity vector of the solidifica- 
tion interface or front to rotate at least 90 degrees 
in the xry plane, preferably more than 180 degrees, as 
20 it moves along tJie z axis throuefti the section. Prefer- 
ably, this is accomplished by a selector section shaped 
as a helix of about 0.8-1.5 turns, thus causing the 
velocity vector to rotate about 290-540 degrees. Zig- 
sag and other inclined passageways are also usable. 
25 It is found that suitable rotation of the velocity 

vector leads to substantially decreased variability 
in the crystal structxcee. For example, using a helix, 
a seed" with a +3 degree variation in crystal structure 
will be able to produce an article with variation of 
3D iO.8 degrees at the base, and +1 degree at the top. 

This is compared to values of ±2 and +3.5 respectively 
when a straight constriction is used* 

Thus, with the use of a preferred helix passage 
in a TOld, a second seed may be feasibly made at the 
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top of an article casting made fro;n a first eded. The 
second seed can then be used in the making of a second 
article having a variation in crystal structure which 
is more acceptable than is the case in the absence of 
5 the helix. As a result the qiaality of single crystal 
articles is Xj^xojy^d and costs of znanu£actia:ce are 
reduced. 

The foregoing and other objects ^ features and 
advantages of the present invention will became more 
10 apparent from the following description of preferred 
embodiments and acconpanying drawings « 

Brief Description of Drawings 

Figure 1 is a macrophotograph of a cast nickel 
supera;Uqy bar which has been etched to show micro- 
IS strucure . 

Figure 2 shows a cast oblong bar with the seed 
from which it was solidified; the transition section 
between the article and the seed are still attached. 

Figures 3 and 4 shows the variation in czystallo*- 
20 graphic orientation along the length of the bar shown 
in Figure 2. 

Figure 5 shows a solidified casting with the mold 
partially removed; the xtiold shaped to cause the solidi- 
fication front to move from a seed through a straight 
25 cylinder selector section, and into the article cavity. 
Figure 6 is a detail view of the lowex portion 
of Figure 5. 

Figure 7 is similar to Figure 5, but shows the 
use Of a helical shaped selector section between the 
30 seed and the article, in accord with the invention. 

Figure 8 shows a seed and a portion of the metal 
casting grown from itr through a mold helix, and into 
the bottom of an article cavity. 

Figure 9 is a projection of the helix center line 
35 Q into the x-y plane shown in Figure 8. 
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Figiares 10'^12 are various views of the seed and 
metal casting in the vicinity of the selector section, 
to illustrate the manner in vfliicsh a solidification 
interface velocity vector rotates in connected straight 
5 portions of a 90^ turn passagei^ay. 

Figures 13-14 illustrate a passageway similar to 
that of Figures 8-10 but having a less than 90® 
passageway turn* 
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Best ItoSB for Carrying Out the Invention 

The invention is described ih terms of the casting 
of a single crystal article made from a nickel supper- 
alloy by solidifying molten metal in a cerainic shell 
juold. Nonetheless, it will be apparent that the inven- 
tion will be applicable to different variations of 
directional solidification and to other metals- 

A face centered cubic crystal structure nickel 
si^eralloy, such as is disclosed in W.s. Patents 
4,116,723 and 4,209,348 to Duhl et al. , is melted and 
introduced into a refractory caraaiic shell mold, sucJj 
as one made of predominantly zircon. The mold is con- 
tained within a ftamace at a temperature above the 
malting point of the metal and rests on a cold dhill 
15 plate... The furnace, mold, and chill plate apparatus 
is adapted to cause progressive solidification of the 
metal in the casting. See O.S. Patents 3»494,709, 
3,343.120, 3,915,761, and 4,190,094 for the general 
methodology of directional solidification. A seed is 
contained within the base of the mold which is in con- 
tact with the chill plate. The seed melt-badt is con- 
trolled, as described in the co-pending patent appli- 
cation Serial No. {Atty Dodket Mo. ER-7633) , filed 
on even date herewith by the applicants herein. 
25 To reduce seed manufacturing costs, it was early 

thought to be a desirable practice to position a seed 
shaped cavity at the top of a mold, so that conten^or- 
aneously with the forming of a desired cast article, a 
new seed is manufactured for an additional casting. 
During the use of such a procedure, progressive degen- 
eration in casting yields was observed. Casting yield 
is defined according to the percentage of solidified 
articles tfliich are found to meet the carystallographic 
criteria for a single crystal part. As an example of 
35 the criteria, a turbine blade article in accord Vith the 
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Piearcey O^S. Patent 3,494,709 will have the [OOU 
crystal axis aligned within 20*^ of the longitudinal 
z axis* Even closer alignment nay be specified- As 
a further exajnple, the Giaitiei application Serial No* 
5 333,600 suggests that the variation in crystal orien-^ 
tation within a casting ought to be icept below certain 
levels. The principal problem observed dLn successive 
seed generation and casting is in nisaligKment of the 
primary or mean orientation of the crystal. However, 
10 the variability in crystal orientation, presented as 
a value, was also a significant problem; it in- 
creased greatly in successive castings, and locally 
increased the deviation from the desired crystal orien- 
tation. TO improve success in seed generation and dLn 
15 any particular casting, crystal variations were inves* 
tigated and improvements were evaluated. 

Figure 1 is a macxophotograph of a 1.2 cm diameter 
by 20 cm long rod 20 whic^ was cast as a single crystal 
by causing a solidification interface to move alcmg the 
20 2 axis to cause the {001] crystal axis to lie parallel 
to the z axis, la^e bar has been sectioned along its 
2 axis and etched to reveal its micros tructure. That 
which is revealed by etching is actually a light colored 
dendritic growth structure, within a dark colored matrix. 
25 *he crystallographic ori^tation is only diroctly mea- 
surable by means of techniques whidh ascertain the loca- 
tion of atomic planes ^ sucih as x-ray diffraction 
according to the Laue method. However, the dendritic 
orientktion is reflective of the crystallographic orien- 
30 tation- In the nickel siiperalloy of the bar (being the 
inventive alloy of U.S. Patent »o. 4,116,723), dendritic 
growth preferentially occxars along the lOOl) axis. I2ius, 
the crystallographic orientation is suggested by the 
orientation of the dendrites. From the Figure it is 
3S seen that the base 22 of the bar, where solidification 
first 
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took place, has a structure which is generally aligned 
with the z axis. At the top 24 of the casting, the 
last portion to solidify, it is seen that tKe crystal 
structure is less regular. At the left and right 

5 sides of the top it is seen that the crystal structiare 
is divergent in opposing directions from the z axis. 
In addition, it appears that the neari orientation is 
not aligned with the z axis. 

Figure 2 shows the shape of a nickel alloy 

10 slab article 26 which was epitaxially solidified from 
a seed. The seed 2E a^xd transition secrtion 30 are 
still attached* Bp&taxial crystal growth < of tOOl] 
was initiated at the seed 28 and caused to progress 
vertically upward along the z axis ^ expanding laterally 

15 in the transition section 30 until it reached a plane 
corresponding with the line p-p, then continuing up- 
wardly throng the body of the bar 26. TOie crystal 
orientation wad measured at various distances D from 
the datum reference plane at P-P, for three lateral 

20 locations within the bar, represented by the lines 
L-L, z-z and The distance between the lines L 

and R was about 3.8 cm and the length of the bar above 
the datum P-P was somewhat greater than 10 cm. 

Figures ' 3 and 4 indicate the mean crystallographic 

25 orientation, as it deviated in degrees froan perfect 
alignment with the x or y axes which are 
shown in rigure 2. Plgxire 3 illustrates how, at the 
Z location, the 1001] crystal orientation is substan- 
tially aligned with the X axis all along the bar. 

30 But^ it is seen at the L and K locations there is a 
divergence in the mean orientation of the [001] crys- 
tal axis from parallelism with the y axis. Similarly, 
Figure 4 shows a divergence of the [001] crystallo- 
graphic axis in the y axis direction. However, in 

35 this instance it is seen that the L location is char- 
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ac'teri2ed by more divergence than the H locationf and 
there is sDme deviation as well at the Z location. 
Additional flata on progressive divergence is given in 
the aforesnentioned application Serial NO. 333^600. 
5 The exact physics underlying the observed in- 

creasing variation in crystal structiare along the 
length of a casting are not fully understood. The 
solidification interface which moves through the 
casting is generally non-planar and this has undotibt- 
10 edly some influence. Probably there are small changes 
in interface shape and velocity along the length of 
a casting. Further r the thermal gradient may not be 
exactly co-aligned with the z aapis of a part. 

Figure 5 shows another cast bar article 32 as it 
IS -appears after solidification r with the ceramic jnold 
34 cut partially away and the seed 36 and gating 38 
still attached. Attadbed to the vg^xmost end of the 
article 32 is a second seed 40 whicb was formed when 
the solidification interface exited from the article 
20 part of the Isold and progressed toward the gating part 
of the mold. The second seed 40 will be separated 
from the article and gating by cutting along planes 
at locations 42,42' to permit its use in laaking another 
casting. It is undesirable to use the original seed 
25 36 because the seed may have associated with it extra- 
neous grains, created during the casting process- See 
the co-pending Serial No. (Atty Docket No. EH-7633) 
referred to above. Directly above the starter section 
44 of %he moldt where the first seed 36 is contained, 
30 is the selector section 46 of the mold. ThLs is a 

cylindrical shaped passage whidh is centrally located 
abovs the first seed 36. 

Figure 6 shows in more detail the function of 
the cylindrical selector section. The first seed 36 
35 rests on the chill plate 48 and is thereby cooled. 
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Prior to casting the seed had a length along the ver- 
tical z axis which is indicated by the phantom line 50. 
In the directional solidification process, the x&old is 
heated to an elevated texnperature and molten metal at 
5 a superheated temperature is introduced into the mold. 
This causes melting back of the seed to-.^ location 
indicated by the phantom line 52 • Thereafter r the 
molten metal was caused to solidify epitaxially frooon 
the unmeited portion of the seed# to form the article 
10 32. Hdwever, in carrying out this process it is not 
uncommon that there will be nucleation of new grains, 
particularly at points around the periphery of the 
seed and at the ceramic walls of the starter section 
44 of the mold. In the Figure, such deviant crystal 
15 grx>wth is indicated by the regions 54 #56* Just as the 
molten metal resting on the central part of the seed 
is caused to solidify epitaxially, the extraneously 
nucleated grains will cause the localised epitaxial 
crystals 54^ 56. From the Figure, it can be seen 
20 that only a solidification front which creates a struc^ 
ture corresponding with the central part of th«i seed, 
generally directly below the cylindrical channel 58, 
will be permitted to enter into the article cavity 32, 
as the front moves along the z axis. The crystal 
25 structure which will be obtained in the article 32 is 
generally ascertainable by measuring the quality of 
the crystallographie growth at a plane indicated by 
the line B, just at . the exit of the transition section 
37, and at the base of the article. 
30 In experimental tests, the crystal structxire has 

been measured at the planar locations indicated by the 
lines A,. B and C in Figure 5. Figure 7 corresponds 
with Figure 5 and shows the invention, wherein a 
helical selector section 60 is used, instead of a 
35 cylindrical selector section. (The other numbers 
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designating the various elejneatB shown in Fig^e 7 
corraspond with those of Figure S, except for the 
suffix letters.) 

The data shown in Table 1 illustrate the utility 
5 of the invention? presented in simplified fashion is 
the distillation of a relatively large a»ou»t of data. 
The date in the Table are representative of cast bars 
which are ^bout 2.5 cm in diajoeter and about 10«^12 cm 
long, fliade from seeds of about 1«2 cm diameter # in 
10 molds of the Pigiarc 5 or 7 configurations. The data 
in columns E and G reflect actual measurements/ while 
the data in columns P Eoxd H are calculated, but corre- 
spond with actual experience. The [001] ozystallo- 
graphic orientation, measured in x and y directions 
15 with respect to the 2 axis, has been geoxioetrically 
conibined and normalised* Ba^ datum indicates the 
mean orientation corresponding with a particular plane 
at locations A, B or C; the nuaiber after •j" indieatea 
the variation frMi the mean which the orystallographie 
20 structure has across the plane. Column S indicates 

orientation observed in a casting made iji a mold having 
the configuration shown in Pigtare 5. It is seen that 
the crystal structure at plan© b actually has reduced 
variability, coa^Jared to the seed, even though greater 
25 variation might have been eagpected. This resnlt can 
be attributed to the fact that the selector section 
doe& not cause propagation into the bottom of -aie 
article cavity of the orystallographie variations 
which the seed had across the entire plane 52. The 
30 constriction has allowed propagation of only the 
narrower range of variation f3:om the seed center. 
Column E shows that at plane C, the top of the arti- 
cle, there has been a deviation both in the mean 
orientation and an increase in the variability, 
35 coinpared to that which was present at either planes 
A or B. 
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Table 1 



Crys-tallographic Orientation 
Obtained in Various cast in as 



Konnalized Orientation in Degrees 
casting Location for Mold-Seed Corobination 

E F 6 H 

A. Seed 0+3 2.6+3.5 0+3 1.3+1 

B. Article Bottom 0+2 2.6+2-5 0+0*8 1.3+0.8 

C. Article Top 2»6+3.S •^S+4 1,3+1 3jtl 



10 Legend ; B - Casting £rbm Figure 5 SDOld 

F - Casting frOTs Figure 5 siold, using second 
seed from Column £ 

G Casting from Figure 7 mold 



15 



B Casting froici Figure 7 mold using second 
seed from Colunn G 
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Colxnnn P shows what happens when a '^second seed" 
is lased to make a casting^ where the second seed 40 is 
formed in a casting for which the colmnn E data is 
representative. The seed essentially has the plane c 
5 crystal structure, and is laisoriented by 2-6 degrees, 
ighen the Figxare 5 configuration is tised, it is again 
seen that the variability is reduced at plane B. But, 
of courser the Tnean prijnaay disorientation of 2-6 
degrees is not changed. At plane C it is seen that 
10 the misorientation will be further increased to the 

range of S^7 the variability will be further increased 
as well. The data are not shown, but if a still further 
casting were made from the second seed of the column F 
casting^ there would be an even greater degree of de- 
ls gradation in the wean orientation, it appears that 

the rate of degradation inoreeses gecmetrically accord* 
ing to the degradation whidh is present* Oonsequently/ 
it can be seen lAy the techniques of the prior art are 
unsuited for making a second seed simultaneously with 
20 the casting of an article from a first seed* This has • 
necessitated the naking of the seeds separately, or 
the undesirable reuse of first seeds. 

Column G in Table 1 indicates data for a casting 
made using the configuration of Figure 7 , in accord 
25 with the invention. The seed has the saine initial 
orientation and variation as the seed used for the 
column E casting. But, tbexa is seen to be a inuch 
more substantial Improvement in the quality of the 
casting at the article bottom, plane B. The primary 
30 orientation is unchanged from zero, but the variability 
Has been reduced from +3^ to about ^0.6^. At location 
Cr there has been some typical degradation in the 
primary orientation, to 1,3*^, while the variability 
has increased to +1°. Nonetheless, this result com- 
3S pared very favorably with the ±3.5^ variation which 
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was encountered when using the cylindrical shaped 
selector. It is also noted that there is less degra- 
dation in the base orientation of the crystal, nainely 
only 1.3^ versus 2.6^. Accordingly, the second seed 
5 removed from the colunm P casting will be useful in 
majcing an additional casting. 

Column H shows data reflecting this use. Again , 
it is seen that at plane B the variability is reduced 
while the mean orientation is unchanged. At plane C 

10 there has been degradation in both the mean orientation 
and variability* However, the resuts are considerably 
better than those reflected in coluimi 

According to the experience thus far, there will 
always be a progressive degradation in crystallographic ' 

IS quality. Thus, even with the invention, the "second 

seed" can only l^e successively created a certain nixraber 
of tijnes. Reasonable escperintent will deteimne this 
limit, according to the limiting crystallographic 
orientation. 

20 The key to the invention is the use of a mold 

selector section which functions like a helixi to 
substantially reduce crystal variability. Previously, 
it was known that a helix was useful in converting 
columnar grain growth into single crystal grain growth. 

25 See the aforementioned patents to Piearcey and U»S. 
Patents 3,625,275 and 3,690,368 to Copley et al. and 
3,627,015 to Giamei et al. , having common assignee 
herewith, the disclosures of which are hereby incor- 
porated by reference. A "zig-zag" raar^-like config- 

30 uration has been used. See Patent 3,536,121 to 

Piearcey. Generally, these prior art configurations 
may be used in the present invention with a seed. The 
preferred helix shape in the present invention com- 
prises a circxxlar cross section and at least one turn 

35 of rotation about the longitudinal z axis. Essentially, 
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the helix is a curved tube. 

Prom eacperijnents with nidcel superalloy casting # 
we have found that there is an optimum configtaration 
for the helix. Figure 8 Bhows in more detail a helical 
5 passage 62 which connects the starter cavity 64 with 
the transition section 66 and article section, just 
above the transition section. Preferably the passage 
diameter K is about 5 aaa and the helical radius 8 is 
about 6. im, somewhat different proportions than sug- 
10 gested by Figure 8. The helix sho-old have a pitch 
which is sufficient to maintain 2 axis movement of 
the solidification front, to avoid extraneous nudea- 
tion which might be associated with too low an effec- 
tive thermal gradient along the length of the helix 
15 passage. Preferably the pitcb P (siaasured in the sane 
manner as a screw thread pitch) is about 2 cm, and the 
helix comprises about 1-1.5 tums^ :ks the discussion 
hereinafter indicates, fewer turns are permissable? 
generally, we consider about 0.8 turns to be the prac- 
20 tical minijnum. A greater number of turns nay be used; 
e.g., two turns are vsable. Eovever/ greater turns 
are associated with greater overall length of the 
helix # and this is disadvantageo)is because it increases 
the height of the total casting. 
25 Figure 9 is a view along the z axis of the center 

line Q of the helical passage shown in Figure 8. For 
the helix shown in Figure 8, it can be seen that the 
passage rotates about 450^ around the z axis, repre- 
senting* about 1.25 turns, stated alternatively, the 
30 direction of the passage shifts continuously in direc- 
tion in the x-y plane. 

To carry out the objects of the invention other 
selector section shapes may be used when they function 
similarly to the helix. Essentially, a passageway 
35 narrow in cross section cojnpared to the lateral dimen- 
sion of the article is preferred. A primary requirement 
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of the selector section passageway is that there 
be no direct z or other axis growth between the jstarter 
cavity and the article cavity. A selector section use- 
ful in the invention must cause the solidification 
5 interface to translate laterally? this is preferably 
done by causing rotational motion about the 2 axis* 

The helix is the best einbodixnent of the invention. 
Obviously f the helix can be replaced by a series of 
interconnected short, straight passageways* The con^ 

10 tlnuous helical curve is preferred because comers and 
sharp turns tend to promote extraneous nucleation. To 
help understand the function of the helix, the general 
inode, and limits of the invention, sixnplified straight 
passageway selector sections are shown in Figures 10-14. 

15 Figures 10-12 show a passageway 68 which connects a 
starter cavity 70 with a transition section 72 • The 
selector section passageway 6B is comprised of two 
strai^t portions 74, 76. Passageway portion 74 has 
its upper end laterally displaced from its lower end, 

20 with respect to the 2 axis. Similarly, portion 76 also 
has its upper end laterally displaced from its lower 
end- The motion of the solidification interface or 
front through the portion 74 is represented by the 
symbol 78, where, the arrow corresponds with the mean 

25 motion and the short lines represent the interface as 
it appears during passage* Generally, the solidifica- 
tion interface will be in conformance with the thermal 
isobars, and parallel to the x-y plane. (The thermal 
gradient in any portion of a passageway may be per- 

30 turbed by various factors beyond the scope of the 
present discussion. Therefore/ the representation 
herein of the interface disposition in space is an 
assumption which is believed to be substantially 
accurate.) When the solidification interface reaches 
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the Tipper end of the portion 74 it must move further 
with a coBponent at a 90*=* angle to its previous direc- 
tion, as is evident from Figures 11 and 12, when it 
enters the portion 76* The function of the two por- 
5 tions 74, 76 of the passage can be understood as fol- 
lows. As Figure 10 shows r the extension of the portion 
74 to the right, along the x axis, soeans that the crys- 
tal structure only from the right hand side of the 
epitaxial growth which starts at the passage entrance 
10 BO can be propagated in portion 74. Likewise, as 

Figure 11 shows, the location of the entrance 82 of 
the portion 76 at the left hand side of the portion 74 
ineans that only the crystal structure which is on the 
left hand side of the portion 74 can be propagated 
15 into the portion 7S. It is this selection of rela- 
tively small samples of the epitaxial crystal growth 
front which leads to the reduced variability • The 
helix achieves the same object but on a gradual basis 
rather than at: a discrete point. . 
20 Figures 13 and 14 show another passagew^ config-^ 

uration vhich will carry out the invention and helps 
illustrate the limiting general mode. The passage 
configuration is not very practical but serves to 
illustrate the limits of the invention • The Figure 
25 14 view is analogous to the Figure 12 view* tto first 
portion 84 of the passageway is similar to the just- 
described portion 74 and has it UM^er end exit 86 dis- 
placed a distance t from the lower end entrance 88 along 
the X axis- Second portion 90 of tlie passageway is 
30 connected to the portion 84, at an angle a to the x axis. 
The entrance 92 to the portion 90 is connected at the 
side of the portion 84. The exit 94 of the porticm 90 
is vertically displaced along the z axis and is later- 
ally displaced along the y axis a distance u from the 
35 entrance. In the passageway ooirprised o£ portions 84, 9 d 
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direct line of eight oonununication is prevented 
between the entrance 88 and the exit 94. This limi- 
tation is necessary in the practice of the invention. 
As will be appreciated with thought, the angle a may 
5 be varied, with lesser angles requiring greater lengths 
of the portion 90, to ensure that there is no line of 
sight cozximunication along an axis between the 
entrance and exit. (Of course, the portion 90 is also 
inclined upwardly with respect to the x--y plane and it 
10 Is the resolved angle i not a, ^ich is controlling, but 
the illustration is given for siitrolicity . ) 

Therefore, to generalize, the selector section 
passage must have at least a first portion with its 
ends lying along the y axis and a second portion 
15 with its ends lying along the y axis; the entrance 
•and the exit of the oonbined portions naor have no 
direct line of sight communication « Essentiallyj 
tbe shape of the pai&sagevay must be that which 
causes a solidification interface (having its 
20 primary motion along the z axis) , to undertake riotion 
in a first x axis direction # transverse to the z axls^ 
and to thereafter undertake motion in a second direc- 
tion having a component at least 90^ to the first 
direction^ as ineasured in tbe x-y plane, prior to 
2S entering into the article cavity. Alternatively stated, 
the projection into the x«*y plane of the passageway 
shape must be such that the velocity vector rotates 
by at least 90^ as the solidification interface passes 
through the selector section. Practically speaking, 
30 it is most desirable to have the motion vector rotate 
by a further 90^ component, so that the exit component 
is at least 180^ of rotation from the direction of the 
first component. As indicated above for the 1-1.5 turn 
helix » and for any passageway, it is even more pre- 
35 ferred that the rotation, be in the range 360-540°. 



PAGE 31/60' RCVD AT 5/22/2007 3:49:25 PM [Eastern Daylight Time] ' SVR:USPT0-EFXRF-5/1 ' DNIS:2738300 *CSID:8605659276' DUIUTION (mmpm 



05/22/2007 15:48 8605659276 PRATT WHITNEY PAGE 32/60 



-20- 0087379 

The ixicreaded degree of rotation Dakes less critical ' 
any anaJ.yfiis with respect to the line of sight connec- 
tion between the entrance and exit ports of the passage 
and assures the iic^roved crystal strticture. 

5 At various points ^ and in the drawing, we have 

described the transition section at the base of the 
article section. For practically all articles of 
interest the passageway opening is sTnaXler than the 
article cross section^ thus necessitating the transit 

10 tion section- Occasionally the article will be shaped 
to inherently have a transition section. The transi- 
tion section has no advantageous effect on crystal 
structure, in the context of the discussion herein. 
The only effect observed therein will be a slight. 

15 degradation in crystal structure/ corresponding with 
vertical and lateral crystal growth, ibus* any refer- 
ence herein to the relationship of the passageway or 
selector section to the transition section can be 
taken to refer as well to the relationship to the 

20 article section # as is done in the claims. 

In tlie best practice of the invention, when using 
a helix, a strai^t section 96, as shown in Figure 8, 
should be provided between the starter cavity and the 
actual helix. This reduces the lateral dimension of 

25 the opening at the top of the starter cavity, and thus 
desirably selects a smaller portion of the epitaxial 
solidification front euianating from the seed* Also, 
it is generally found desirable and practical to ha.ym 
an additional straight section 98 at the top of the 

30 selector section, to transition from the helix to the 
article cavity. Of course, other contoiurs in the 
selector section passageway nay be used in combination 
with a helix or the like, so long as the objects set 
forth herein for the selector section are achieved. 
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Vb have referred abovd to the seed being a single 
crystal J to maJce a single crystal part. This is cer- 
tainly preferred, but a seed which is not entirely 
single crystal laay be tised in the invention. It is only 

5 required that the seed have the desired crystallographic 
structure at the upper surface from which epitaxial 
solidification into the passage emanates. Lack of 
single ca^^stal structure located in regions of the 
seed which do not interfere with the epitaxial growth 

10 'Which enters the selector section passage can be con- 
'teinplated. 

One of the best uses of the invention is in the 
making of a second seedi as described.. We prefer to 
locate the second seed at the top of the artlble cavity^ 

IS to reduce the width of the casting and increase ftxcnace 
capacity. However, in .other embodiioents , the seed 
could be formed in a different position in the mold^ 
with respect to the article section, provided the 
second seed cavity receives growth emanating from the 

20 selector section. 

^thou^ this invention has been shown and de^ 
scribed with respect to a preferred embodiment, it 
will be understood by those skilled in the art that, 
various changes in form and detail thereof may be made 

as without departing from^the spirit and scope of the 
claimed invention « 
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We claim: 

1. The xnethoa of casting a single crystal article 
•using a mold filled vith molten metal, a seed crystal 
sxid tnoverient of a solidification interface along an 

5 aacis of the mold, wherein the mold has an article sec- 
tion for forming the article and a starter section for 
holding a seedr the eections lying along the mold ascis, 
characterized by rotating the solidification interface 
velocity vector at least 90 degrees, as the solidifioa- 

10 tion interface moves from the starter section to the 

article section ^ the rotation measured as the vector is 
projected into a plane perpendicular to the mold axis. 

2. *aie method of claim 1 wherein the rotation o£ the 
velocity vector is at least IBO degrees* and is caused 

15 by passing the solidification interface through a 
passageway connecting the starter section and the 
article section. 

3. Ihe method of claiJn 2 herein the solidif icatiozi 
interface movement is Aaracterized by a helical motion 

20 of 0.8-1.5 turns* 

4. The method of claims 2 or 3 wherein the path of 
solidification interface motion between the starter 
section and article section is characterized by an 
absence of line of sight between the starter section 

25 and the article section. 

5* The method of Claim 1 characterized by making a 
casting which comprises the article and a second seed, the 
second seed having essential epitaaqr with the first 
seed contained in the starter section; separating the 
30 second seed from the article after solidification; and 
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tising the second seed to cast a second article. 

S. The loethod of claim 5 characterized by a face 
centered ci^bic superalloy Tnetal, a ceramic mold/ and 
aligning the seed so that an lOOlj crystal axis lies 
vithin +20'' of the mold axis. 

7. J^n article, having dc, y and x axes^ forzied by the 
method of claims 1 or 5, solidified by movement of the 
solidification interface along the z axis* having a 
cxy^s tall ©graphic orientation and variability with 
respect to the x and y axes V^ich is reduced conpared 
to an article formed from a seed wherein the solidifi- 
cation interface vector is not rotated prior to moving 
throng the article. 

8. The article of claim 7 made of a face centered 

15 cubic crystal structure nickel alloy, characterized by 
a maximum erystallographie variability of +3 degrees, 
with respect to a mean* 

9. The article of claim 8 characterized by a maximtim 
variability of ±1 degree. 

20 10 ♦ 24>paratus for directional solidification of a 

single crystal article by epitaadal growth from a seed 
crystal which coaqprises a mold having a starter section 
containing a seed crystal and an article section r charac- 
teri2ed by a selecrtor section lying along an a^cis con- 

25 necting the article section and the starter section, 
the selector section having a passageway with opposing 
end openings into the article and starter sections, 
the passageway preventing line of sight between the 
openings and having a rotation in space of at least 

30 90 degrrees as measured by the passageway projection 
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Into a plane perpendicular to the axis. 

11. The apparatus of claiiti 10 titiaracterized by a helix 
shaped passage r the helix having at least about 0.8 
turns to provide a rotation in space of at least about 
5 290 degrees* 

12* The apparati3S of claim 11 characterised by a 
straight section of passageway connected at the stasrber 
section end of the helix shaped passageway. 

13- The apparatus of clain 12 characterized by a 
10 straight section of passagevay connected at the arti- 
cle section end of the helix shaped passageway. 

14. The apparatus of claim 10 characterized fay a seed 
composed of a face centered cubic alloy i a refractozy 
ceramic inold; and a selector section passageway shaped 
IS as a helix having 1-1.5 turns. 
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